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METHOD FOR POROGEN REMOVAL AND MECHANICAL STRENGTH 
ENHANCEMENT OF LOW-K CARBON DOPED SILICON OXIDE USING 
LOW THERMAL BUDGET MICROWAVE CURING 



CROSS-REFERENCE TO RELATED APPLICATIONS 

This application is related to US Patent Application No. 10/800,377, filed on March 
11, 2004, titled "Method And Apparatus For UV Exposure Of Low Dielectric Constant 
Materials For Porogen Removal And Improved Mechanical Properties," US Patent 
Application No. 10/672,311, filed on September 26, 2003, titled "Method of Porogen 
Removal from Porous Low-k Films Using UV Radiation," US Patent Application No. 
10/404,693, filed on March 31, 2003, titled "Method for Forming Porous Films by Porogen 
Removal Combined with In Situ Surface Modification," US Patent Application No. 
10/672,305, filed on September 26, 2003, titled "Method for Removal of Porogens from 
Porous Low-k Films Using Supercritical Fluids," and US Patent Application No. 10/295,965 
filed November 15, 2002, titled "System for Deposition of Mesoporous Materials." These 
applications are incorporated herein by reference in their entirety for all purposes. 



FIELD OF THE INVENTION 

This invention relates to methods and apparatus for preparing porous low-k dielectric 
films for integrated circuits. More specifically, the invention employs microwave radiation 
to (a) remove porogen material from a precursor dielectric film, (b) lower the dielectric 
constant of dielectric film and/or (c) improve the mechanical strength of dielectric film. 



BACKGROUND 

There is a general need for materials with low dielectric constants (low-k) in the 
integrated circuit manufacturing industry. Using low-k materials as the inter-metal and/or 
inter-layer dielectric between conductive interconnects reduces the delay in signal 
propagation due to capacitive effects. The lower the dielectric constant of the dielectric, the 
lower the capacitance of the dielectric and the lower the RC delay of the integrated circuit 
(IC). 
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Low k dielectrics are conventionally defined as those materials that have a dielectric 
constant lower than that of silicon dioxide - that is k < 4. Typical methods of obtaining low- 
k materials include doping silicon dioxide with various functional groups containing carbon 
or fluorine. While fluorinated silicate glass (FSG) generally has k of 3.5 - 3.9, carbon- 
doping methods can further lower the k value to ~ 1.9. Current efforts are focused on 
developing low-k dielectric materials with k values less than 2.5 for the most advanced 
technology needs. These ultra low-k (ULK) dielectrics can be obtained by incorporating air 
voids within a low-k dielectric matrix, creating a porous dielectric material. 

Methods of fabricating porous dielectrics typically involve forming a film 
(sometimes referred to herein as a "precursor film") containing two components: a porogen 
(typically an organic material such as a hydrocarbon) and a structure former or dielectric 
material (e.g., a silicon containing material). Once the precursor film is formed on the 
substrate, the porogen component can be removed, leaving a structurally intact porous 
dielectric matrix. Techniques for removing porogens from the precursor film include, for 
example, a thermal process in which the substrate is heated to a temperature sufficient for 
the breakdown and vaporization of the organic porogen. These thermal processes, however, 
have certain drawbacks. Substrate temperatures generally need to be high (i.e., greater than 
about 400 degrees Celsius) with exposure times typically on the order of hours. As is well 
known in the field, these conditions are unacceptable for backend-of-line applications as 
they can damage copper-containing devices. 

Although the general approach of introducing voids into the dielectric will reduce the 
dielectric constant of the film, it will also reduce the density of the film and may sacrifice the 
mechanical strength and the thermo-mechanical properties of the film. Since dielectric films 
can be subjected to severe thermal and mechanical stresses in IC processes such as chemical 
mechanical polishing (CMP) and packaging, these porous films must have sufficient 
mechanical strength to withstand these processes. Therefore, improved methods of forming 
mechanically robust low-k porous films are needed. 



SUMMARY 

The present invention addresses these needs by providing improved methods and 
apparatus for curing a low-k dielectric material on a substrate using microwave radiation. 
The use of microwave radiation allows the preparation of low-k films to be accomplished at 
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low temperatures (less than around 400 degrees C). According to various embodiments, 
microwave radiation is used to remove porogen from a precursor film and/or to increase the 
strength of the resulting porous dielectric layer. In a preferred embodiment, methods involve 
(a) forming a precursor film that contains a porogen and a structure former on a substrate, (b) 
exposing the precursor film to micorwave radiation to remove the porogen from the 
precursor film to thereby create voids within the dielectric material and form the porous low- 
k dielectric layer and (c) exposing the dielectric material to microwave radiation in a manner 
that increases the mechanical strength of the porous low-k dielectric layer. In some 
embodiments, exposure to microwave radiation is used to lower the dielectric constant of the 
film. Microwave annealing is not limited to porous films but may be used to increase the 
strength and/or lower the dielectric constant of any porous or non-porous dielectric film. 

In preferred embodiments, the substrate is a semiconductor wafer. Methods of the 
invention may be performed in a single-wafer process or batch process. The precursor film 
is preferably formed by co-depositing the porogen with the structure former. Preferably, the 
porogen is an organic material and the structure former is a silicon-containing material. In 
preferred embodiments, the structure former is produced from a silane, an alkylsilane, an 
alkoxysilane, a siloxane (particularly the carbon-containing varieties), and combinations 
thereof. Examples of suitable siloxanes include octamethyl cyclotetrasiloxane (OMCTS), 
tetramethylcyclotetrasiloxane (TMCTS), dimethyldimethoxysilane (DMDMOS), and 
diethoxymethylsilane (DEMS). These and other carbon containing compounds can be used 
to form carbon-doped oxides (CDOs). 

One preferred class of porogen compounds is the polyfunctional cyclic non-aromatic 
compounds. Good examples of such compounds are the alpha-terpiene (ATRP) compounds 
and limonenes. Another class of porogen is the template forming compounds such as certain 
block copolymer materials, such as polyethylene oxide (PEO)-polypropylene oxide (PPO) 
block copolymers, used to form ordered mesoporous films. Examples of these types of 
compounds are various organic silanes, such as di-tert-butyl-silane, that possess bulky 
organic groups. All of the above porogen compounds can be driven from the deposited 
silicon-oxygen matrix to leave behind small pores. 

Microwave frequency, exposure time and porogen required for porogen removal and 
mechanical strengthening depend on a number of factors, including the composition of the 
dielectric, and the type of porogen used In general, microwave frequency can vary broadly 
during microwave curing between 0.3 GHz and 300 GHz. In preferred embodiments, the 
frequency is between about 1-4 GHz, more preferably about 2.45 GHz. Exposure time is 
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preferably below about 5 minutes, and most preferably below about 60 seconds. Power is 
preferably about 3 kW. The preferred condition depends on the size of the chamber, the 
MW cavity design, and the characteristics of the material. 

Substrate temperatures can vary broadly during the microwave exposure and may 
range between about minus 10 degrees Celsius and 600 degrees Celsius, preferably below 
about 400 degrees Celsius. In particularly preferred embodiments, the temperature is 
between about 20 and 400 degrees Celsius. These and other features and advantages of the 
invention will be described in detail below with reference to the associated drawings. 



BRIEF DESCRIPTION OF THE DRAWINGS 

The following detailed description can be more fully understood when considered in 
conjunction with the drawings in which: 

Figure 1A presents FTIR spectra of a dielectric layer on substrate pre- and post- 
microwave annealing. 

Figure IB presents a blown-up view of the CH X region of the FTIR spectra shown in 
Figure 1A. 

Figure 1C presents a blown-up view of the SiCH 3 and SiO regions of the FTIR 
spectra shown in Figure 1 A. 

Figure 2 is a flowchart summarizing stages of example implementations of the 
invention. 

Figure 3 is a schematic representation of an apparatus suitable for micowave porogen 
removal and microwave mechanical strengthening. 



DETAILED DESCRIPTION OF A PREFERRED EMBODIMENT 

INTRODUCTION 

In the following description, numerous specific details are set forth in order to 
provide a thorough understanding of the present invention, which pertains to porogen 
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removal of a porous precursor film. The porous precursor film may be a carbon-doped oxide 
(CDO). The present invention may be practiced without some or all of these specific details. 
In other instances, well known process operations have not been described in detail to not 
unnecessarily obscure the present invention. While the invention will be described in 
5 conjunction with the specific embodiments, it will be understood that it is not intended to 
limit the invention to the embodiments. 

The present invention involves preparing dielectric films using microwave radiation. 
In certain embodiments, microwave radiation may be used to remove porogen from a 
dielectric precursor film. The methods may involve forming a low-k dielectric material by 

10 way of a "precursor film" or "precursor layer" that contains a "structure former," typically a 
dielectric material, which serves as a backbone of the porous network, and a porogen, which 
generates the porous regions within the dielectric film. Hence, the porogen and dielectric 
matrix typically exist as separate phases within the precursor layer. In methods of this 
invention, the porogen is removed from the precursor film to create a porous low-k dielectric 

15 layer. Within the precursor film, the porogen resides in locations that will subsequently 
become void locations in the final dielectric film. 

UV-mediated porogen removal has been described in the above-referenced 
applications, particularly US Patent Application No. 10/800,377, referenced above. While 
the invention is not limited to any particular theory of operation, it should be noted that 

20 while UV radiation typically interacts directly with porogen bonds to facilitate porogen 
decomposition or another breakdown mechanism, microwave radiation is believed to cause 
intramolecular vibrations and/or rotations, which in turn raise the internal heat of the 
porogen molecules, causing porogen bonds to break. UV-mediated porogen removal often 
requires thermal energy to supply the necessary activation energy to break porogen bonds; 

25 microwave-mediated removal typically does not. It is because of this that in many 
embodiments, microwave-mediated porogen removal may be accomplished at lower 
substrate temperatures than possible with UV-mediated porogen removal, especially below 
about 300°C. 

Microwave radiation may be used in certain embodiments to increase the mechanical 
30 strength of a dielectric film, including both porous and non-porous films. Mechanical 
strength may be manifested in terms of hardness, modulus, intrinsic stress, cohesive strength, 
etc. Intrinsic stress, hardness and modulus are well defined within the art and will not be 
discussed in detail herein. Measures of film hardness presented herein may be made with 
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any suitable apparatus including a nano-indenter device. Measure of intrinsic film stress 
may be made with any suitable apparatus including a stress gauge. 

One way to characterize cohesive strength in a dielectric layer is via a "cracking 
threshold" measurement. This is a measure of thickness of a dielectric film on a blank 
substrate (e.g., a flat 200 or 300 mm wafer) that can be deposited without forming a crack. 
In a typical experiment, the dielectric is deposited to various thicknesses using a single set of 
process conditions. The resulting wafer (with dielectric layer) is set aside without 
disturbance for a period of time (e.g., one day) and then examined for cracks. The greatest 
thickness at which no crack is observed is the cracking threshold. For many processes, the 
cracking threshold is measured in micrometers. 

Microwave radiation may also be used in some embodiments to the lower the k- value 
(i.e., dielectric constant) of the dielectric film, k-value may be lowered by reducing the 
polarizability and/or increasing porosity of the dielectric material. In other embodiments, 
the k-value remains more or less constant during exposure to microwave radiation. 

Figures 1A-C present FTIR spectra of a dielectric layer on substrate pre- and post- 
microwave exposure. Reference number 101 of Figure 1A shows the CH X region of the 
spectra, which corresponds to the amount of porogen present. A blown-up view of this area 
is also shown in Figure IB. As can be seen in Figure IB, the CH X peak is significantly 
reduced by the microwave treatment - indicating that the porogen has been removed. 
Reference number 103 of Figure 1A shows the SiCH 3 and SiO peaks. SiCH 3 /SiO peak area 
ratio is inversely related to hardness; the post-microwave exposure ratio is reduced, 
indicating that hardness increased. It should also be noted that the amount of SiCH 3 and SiO 
correlates to the k-value; reduction in the peak area ratio of SiCH 3 to SiO indicates increase 
decrease of k-value as well as increase in hardness. 



PROCESS FLOW 

Figure 2 is a flow chart depicting one general high-level process flow in accordance 
with some embodiments of the present invention. Initially, a precursor film is provided on a 
substrate as indicated by a process block 201. As mentioned previously, a precursor film 
contains a porogen and a structure former for the dielectric backbone. In many embodiments 
of commercial application, the substrate is a partially fabricated integrated circuit or other 
partially electronic semiconductor device. 
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As discussed further below, various techniques for forming a precursor film may be 
employed. A typical approach involves co-depositing the porogen with the structure former 
precursor using a low temperature PECVD (plasma enhanced chemical vapor deposition) 
process. As indicated, other processes such as spin-on methods may be employed. Other 
5 suitable deposition techniques may include supercritical infusion, print-on, and dip coating. 
It is noted that the invention is not limited to any particular type of deposition method. 

Next, the precursor film is processed to remove porogen. In the embodiment 
depicted in Figure 2, the film is exposed to microwave radiation to mediate removal of at 
least a portion of the porogen to leave a porous dielectric film. See process block 203. In 
10 alternate embodiments not pictured in Figure 2, the porogen may be removed by any other 
method including thermal decomposition or volatiUzation, plasma decomposition, 
supercritical extraction, reaction with a supercritical medium and/or UV mediated porogen 
removal. 

As indicated, the microwaves are believed to increase the internal energy of the 
15 porogen by causing intramolecular vibrations and/or rotations. This facilitates porogen 
decomposition or other breakdown mechanism. In a typical case, the porogen decomposes 
into lower molecular weight components that exist in the vapor phase or can be easily 
vaporized and thereby removed from the precursor film Alternatively the microwave 
radiation can indirectly facilitate breakdown of the porogen. In one example, this is 
20 accomplished by the microwave radiation interacting with a compound other than the 
porogen to convert that compound into a species that can attack the porogen and thereby 
facilitate its removal. For example, the microwave radiation may convert molecular oxygen 
or other oxygen containing compounds present in a reaction chamber to produce a strong 
oxidant, which can then react with and break down the porogen. The decomposition 
25 products of the porogen can be volatilized and removed from the precursor film. 

Typical frequencies of microwave radiation range from 1-4 GHz; however the 
frequency of the microwave radiation may be tuned to cause intramolecular vibrations in the 
particular porogen used. Intensity may range from 100 W - 7 kW and in certain 
embodiments, from 1 - 4 kW. 3 kW is used in a particular embodiment. The preferred 
30 conditions depend on the size of the chamber, cavity design, and material characteristics. 

Note that the operations 201 and 203 can be conducted in a single vessel or in two 
separate vessels, one for forming the precursor layer and another for exposing the porogen to 
microwave radiation or a microwave activated species. Also, it is possible for a wafer to be 
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treated in this manner in one chamber and then moved to a different chamber where the 
decomposed porogen is removed by heating, contact with a solvent, etc. In general, 
however, for mechanical simplicity, it is preferred to perform as many operations as possible 
in a single chamber. 

5 After the porogen is removed, the porous dielectric film is further exposed to 

microwave radiation to mechanically strengthen the film. See block 205. Typical 
microwave frequencies range between about 1-4 GHz, with 2.45 GHz used in a particular 
embodiment. Microwave power typically ranges between about 100 W and 7 kW, and more 
preferably between 1 kW and 4 kW, for example 3 kW in one embodiment. Of course, 
• 10 power requirements may depend on the size of the substrate and chamber design. 

Microwave exposure times can vary broadly with typical exposure times ranging 
between about 1 second and 60 minutes. In preferred embodiments, the process of 205 
occurs in an inert environment. Such environments may include an inert gas such as 
nitrogen, helium or argon in the reaction chamber. In some embodiments of the invention, a 
15 more reactive ambient comprising a gas such as hydrogen may be used during microwave 
exposure. A combination of the reactive and inert gases mentioned above may also be used. 
In preferred embodiments, microwave exposure is performed in a no-oxygen ambient, to 
prevent film oxidation. The pressure during microwave exposure is typically between 
luTorr and 760Torr. 

20 In some embodiments, all or some of steps 203 and 205 may occur simultaneously. 

Although not shown in the diagram of Figure 2, microwave radiation may be used to 
strengthen non-porous dielectric films, as well as porous films. Also, the invention is not 
limited to strengthening porous films as formed in by the methods described in Figure 2, but 
include strengthening a dielectric film as formed by any method. 

25 Referring back to Figure 2, as indicated by decision 207, for thicker dielectric film 

applications, operations 201, 203 and 205 may be repeated performed until the desired film 
properties are achieved. Once the porous dielectric is sufficiently strengthened and is of 
sufficient thickness, the wafer is removed from the reaction chamber (block 209). Next, the 
reaction chamber may optionally be cleaned (block 211). In one embodiment the chamber is 

30 cleaned by exposing a reactive gas to another dose of microwave radiation. This cleaning 
procedure is for removing porogen residues that may have coated the inside of the chamber 
after the porogen removal process (block 203). 
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PROCESS PARAMETERS 



Precursor Films 

As noted above, in many embodiments of the present invention, a precursor film 
including a structure former and a porogen is formed. A porous dielectric film may then be 
formed by exposing the precursor film to microwave radiation, thereby removing the 
porogen. 

The precursor film may be formed by any of numerous techniques. In some 
methods, the structure former and porogen are co-deposited in one process. Any suitable 
deposition technique may be used, including spin-coating processes, print-on, dip coating, 
thermal process and chemical vapor deposition - particularly plasma enhanced chemical 
vapor deposition (PECVD). In alternative methods, the structure former and porogen are 
deposited separately in a two-phase process. For example, in some mesoporous films, a 
template-forming precursor, solvent and catalyst are mixed and applied by spin-coat or print- 
on methods to form a template in a first process phase, then a silica-forming precursor is 
introduced to the formed template in a second process step such as supercritical infusion into 
a polymer matrix. Depending on the application, the thickness of the precursor film may 
range between about 30 nanometers and 3 micrometers. 

Generally, a porogen is any removable material that defines void regions in a 
dielectric matrix. Frequently, though not necessarily, the porogen is an organic material. In 
methods of the present invention, the porogen is removed from the precursor film by a 
microwave mediated method. In a preferred approach, the microwave radiation causes 
intramolecular vibrations and/or rotations in the porogen to faciliate chemical decomposition 
or other modification of the porogen and produce products that are more easily removed than 
the porogen itself. In another approach, the microwave exposure occurs in the presence of 
oxygen to create an oxidizing environment (e.g., ozone and/or oxygen radicals) that oxidizes 
the porogen. The oxidation products are more easily removed than the porogen itself. Note 
that in this approach, some microwave radiation may cause intramolecular vibrations in the 
porogen as well. In general, the microwave radiation is tuned for absorption by the porogen 
in the first approach and tuned for oxygen activation in the second approach. Thus, in the 
first approach, the microwave radiation is preferably tuned to a vibrational or rotational 
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resonance frequency (or frequencies) in the porogen. Of course, the porogen may be chosen 
to match the characteristics of an available microwave source frequency. 

In some cases the porogen is randomly distributed throughout the precursor film and 
other cases it is ordered in a repeating structure throughout the film. In the case of an 
ordered porous or mesoporous dielectric matrix, the porogen is frequently referred to as a 
"template." One type of ordered porogen, for example, is a block copolymer that has 
chemically distinct components (e.g. PEO polyethylene oxide and PPO polypropylene 
oxide) that segregate into separate phases. The discussion herein will refer to porogen and 
porogen materials in general and are intended to include any type of porogen, ordered or 
non-ordered, organic or inorganic, unless otherwise specified. 

Frequently, the porogen is a hydrocarbon. The following is a non-comprehensive list 
of precursor films (listed by type of porogen molecules) suitable for the present invention. 
"Low temperature porogens" are deposited below about 200 degrees C and "high 
temperature porogens" are deposited above about 200 degrees C. 



Low Temperature Porogens 


High Temperature Porogens 


Aldehydes: CH20, CH3CHO 


Alkenes: C2H4, CH3-CH=CH2, etc 


Alkenes: C2H4, CH3-CH=CH2, etc 


Terpiene family compounds (e.g. alpha-terpiene) 


di-tert-butyl silane 


Terpiene derivatives (such as terpinol) 


Esters 


Compounds with multiple active sites (e.g., ENB) 



One preferred class of porogens are polyfunctional cyclic non-aromatic compounds, 
particularly alpha-terpienes (ATRP) and limonenes. Suitable alpha-terpiene derivatives 
include, for example, alpha-terpiene itself, substituted alpha-terpienes, and multi-ring 
compounds containing the alpha-terpiene nucleus. Suitable limonene derivatives include, for 
example, limonene itself, substituted limonenes, and multi-ring compounds containing the 
limonene nucleus. Other compounds include functional groups such as -CH=CH 2 , - 
CH=CH-, -C = CH, -CsC-, -C=0, -OCH 3 . A typical example of these compounds is 
l,2,3,4-tetramethyl-l,3-cyclopentadiene (TMCP) (C9H14). Three-dimensional multi-ring 
compounds such as 5-ethylidene-2-norbornene (ENB) are also suitable. 

In some cases, the porogen and structure former reside in the same compound. That 
is, the porogen is a removable moiety in a compound that contains moieties serving as 
structure formers covalently bonded to moieties serving as the porogen. Nominally, the 
porogen moiety is a large bulky organic substituent that will leave pores in the resulting 
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dielectric film. Examples of such species are organic silanes such as di-tert-butylsilane, 
phenyldimethylsilane, and alkoxysilanes such as 5-(bicycloheptenyl)methyldimethoxysilane 
(BMDS) and 5-(bicycloheptenyl)triethoxysilane (BTS) (SiCi 3 0 3 H 2 4). These compounds 
may be deposited using CVD or spin on methods, for example. As indicated, the structure 
former serves as a backbone for the resulting porous low-k film 

Many different chemical compositions may be used as the structure former. In some 
embodiments, the composition includes silicon and oxygen. Sometimes it also includes 
carbon (carbon-doped oxide, CDO) and/or other elements and even metals. 

Examples of precursors for structure formers include silanes, alkylsilanes (e.g., 
trimethylsilane and tetramethylsilane), alkoxysilanes (e.g., methyltriethoxysilane (MTEOS), 
methyltrimethoxysilane (MTMOS) diethoxymethylsilane (DEMS), methyldimethoxysilane 
(MDMOS), trimethylmethoxysilane (TMMOS) and dimethyldimethoxysilane (DMDMOS)), 
linear siloxanes and cyclic siloxanes (e.g., octamethylcyclotetrasiloxane (OMCTS) and 
tetramethylcyclotetrasiloxane(TMCTS)). 

Note that one example of a silane is di-tert-butylsilane, described above. The 
thickness of the precursor film (and hence the resulting dielectric layer) depends upon the 
ultimate application. As an example, the thickness may range between about 50 to 1500 
angstroms for a hard mask application. For an interlayer dielectric or packaging application, 
the thickness may range from 1500 angstroms up to about 2 to 3 microns. In some cases, 
extra thickness is required to provide some amount of sacrificial dielectric to accommodate a 
subsequent planarization or polishing step. 

Microwave Radiation 

Frequency 

It will be appreciated by those skilled in the art that the microwave radiation used 
with the invention encompasses all microwave frequencies. Methods of the invention utilize 
microwave radiation for various operations including facilitating porogen removal, 
mechanically strengthening the dielectric film, lowering the k-value of the dielectric film and 
cleaning a chamber after use. Some operations may more effectively be implemented using 
microwave radiation with a particular range of frequencies, i.e., frequency distribution. 
However, in particular embodiments, for all operations, low frequency microwave radiation, 
i.e., between 1 and 4 GHz is used. 
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In the case of porogen removal, in certain embodiments, the microwave frequency 
should generally match the resonance characteristics of the porogen bonds and/or the 
oxidizing agent if used. In cases where microwaves are used to raise the internal energy of 
the porogen, the typical frequencies suitable for most types of porogens range between about 
1 and 4 GHz. Note that the radiation may comprise one (most intensity exists around one 
frequency, e.g., 2.45 GHz) or a broader range of frequencies. 

Frequencies between about 0.3 and 4 GHz, more preferably between about 1 and 4 
GHz, and even more preferably at about 2.45 GHz have been found to work well for the 
porogen removal, mechanical strengthening and k-value reduction operations. In particular, 
these frequencies result in significantly higher reduction in the orientation polarization of the 
dielectric material as compared to higher frequencies. For example, application of 
microwave frequency of 7-9 GHz results in orientation polarization that is on the order often 
times as high as for 1-4 GHz. As discussed above, reducing polarization reduces the k- 
value; thus application of microwave frequency in this range is significantly superior for 
low-k applications than higher microwave frequencies. It also has been found that these low 
frequencies are suitable for removal of organic porogens. Use of higher frequencies may 
take a significantly longer time. 

In preferred embodiments in which microwave radiation is used for porogen removal 
as well as post-removal treatments, the same frequency and other process conditions are 
used for the post-removal treatments (to provide mechanical strengthening and/or k-value 
reduction) as for the porogen removal. In this way, the process and process apparatus may 
be simplified. 

Power and Exposure Time 

Microwave power and exposure time are largely functions of each other (with higher 
power requiring less time), as well as frequency and film density and thickness. Power may 
range from 100 W - 7kW, with 1 - 3 KW preferred, and 3 kW particularly preferred. 
Typical exposure times may range from seconds to tens of hours. Preferably, for 
commercial applications, the exposure time will be about 5 minutes or less. In a preferred 
embodiment, the exposure time ranges from about 1 second up to 60 minutes. 

Of course, power should be high enough and exposure time long enough to remove 
porogen, increase strength, or lower k-value as desired. For many applications, acceptable 
film hardness levels range between about 0.5 GPa and 3 GPa (and more preferably greater 
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than 0.8 GPa). Increasing exposure time results in increasing hardness, though to some 
extent the exposure time is a strong function of the microwave power; at certain threshold 
power, desired hardening may not occur even after prolonged exposure. Note that 
microwave treatments in accordance with this invention may sometimes improve other 
5 mechanical properties besides just hardness. For example, they may increase cohesive 
strength of the dielectric film. Preferably, the cohesive strength, as measured by cracking 
threshold, is at least about 2 micrometers. 

In many embodiments, exposure to microwave radiation will not significantly raise 
the k- value or will reduce k- value. For most applications, acceptable k values range between 
10 about 2 and 2.9 (more preferably between about 2.2 and 2.7). As discussed in U.S. 
Application No. 10/800,377, to a certain extent, k-value tends to increase with hardness, so it 
may be necessary to optimize film hardness for a desired dielectric constant. 

Temperature 

Substrate temperature during microwave radiation exposure typically ranges between 
15 about -10 and 600 degrees Celsius. However, as discussed above, the use of microwave 

radiation allows lower thermal budget than thermal or UV porogen removal and annealing. 

The temperature is thus between about 20 and 400 degrees Celsius in certain embodiments. 

For example, the temperature may be below about 300 degrees Celsius, below about 100 

degrees Celsius or around room temperature according to various embodiments. Pressure 
20 and Ambient Conditions 

Pressure typically ranges from 0 to 760 Torr, with atmospheric pressure preferred. 
Microwave exposure may be performed in the presence of gases such as argon, hydrogen, 
helium, nitrogen, air or mixtures thereof. In some embodiments, an oxygen-free ambient is 
preferred to prevent film oxidation. 

25 Other Process Conditions 

The microwave radiation may be applied continuously or pulsed. Also in preferred 
embodiments the microwave radiation is applied in TE and/or TM mode. 

APPARATUS 

The present invention can be implemented in many different types of apparatus. In 
30 preferred embodiments, the apparatus will include one or more chambers (sometimes 
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referred to as process vessels ) that house one or more wafers and are suitable for wafer 
processing. At least one chamber will include a microwave source. A single chamber may 
be employed for all operations of the invention or separate chambers may be used. Each 
chamber may house one or more wafers for processing. The one or more chambers maintain 
5 the wafer in a defined position or positions (with or without motion within that position, e.g. 
rotation, vibration, or other agitation) during procedures of the invention. For certain 
operations in which the wafer temperature is to be controlled, the apparatus may include a 
heating or cooling platen. 

Figure 3 is a simplified schematic diagram of an example chamber 301 in accordance 
• 10 with the invention. Chamber 301 is capable of holding vacuum and/or containing gases at 
pressures above atmospheric pressure. For simplicity, only one chamber 301 is shown. It is 
noted that in preferred embodiments, chamber 301 is one chamber in a multi-chambered 
apparatus (entire apparatus not shown), although chamber 301 could alternatively be part of 
a stand-alone single chambered apparatus. Suitable multi-chambered apparatus, for 
15 example, include the modified Novellus Sequel and Vector systems. In a preferred 
embodiment of the invention chamber 301 can process multiple wafers simultaneously. 

Wafer 305 rests on rotating quartz table 303 in a position such that radiation from a 
microwave source can irradiate wafer 305. Wafer 305 may also be in contact with a heater 
(not shown) that can heat the wafer to defined temperatures, or a chiller to cool the wafer. 
20 Chamber 301 is configured with a gas inlet 315, which is connected to a gas source (not 
shown), and with a vacuum outlet 313, which is connected to a vacuum pump (not shown). 
The amount of gas introduced into chamber 301 can be controlled by valves and mass flow 
controller (not shown) and pressure is measured by pressure gauge (not shown). 

In this example, microwave source 307 is mounted outside the chamber 301. In 
25 alternate embodiments, the microwave may be housed inside chamber 301 . Note that this is 
only an example of a suitable configuration. In general, it is preferable that the microwave 
source or sources are arranged to provide uniform microwave radiation to the wafer. 

During normal operation, chamber 301 is first evacuated via vacuum outlet 313, and 
then the inert gas (e.g., argon, nitrogen) is introduced via gas inlet 313 to a certain chamber 
30 pressure or the chamber is left under vacuum. Next, microwave source 307 is turned on to 
provide uniform microwave radiation of an appropriate frequency to remove porogen 
material and leave a dielectric layer on wafer 305. Chamber 301 is typically under vacuum 
to remove volatilized porogen residues or under continuous purge to remove any of the 
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porogen evolving during microwave exposure. Inert gas is again introduced via gas inlet 
313 or the chamber is left under vacuum. Next, the microwave source is turned or left on to 
mechanically strengthen the dielectric layer on wafer 305. In some embodiments, 
microwave radiation is applied directly on the wafer. In others, a remote microwave source 
5 can be mounted on chamber 301. In a preferred embodiment, a remote microwave source is 
used to ionize the gases fed into the chamber, and, in addition, the substrate is irradiated by a 
second source mounted on the microwave chamber. Typically, wafer 305 is then removed 
from chamber 301. 

Note that the apparatus depicted in Figure 3 is only an example of a suitable 
10 apparatus and other designs for other methods involved in previous and/or subsequent 
processes may be used. For example, methods of the invention may be used with a standard 
PECVD chamber used to deposit the precursor layer if the chamber is equipped with a 
microwave radiation source. Some supercritical fluid chamber systems may also be 
configured to include microwave radiation sources. Many of these systems may also be used 
15 to perform the post-porogen removal microwave (or UV) mechanical strengthening, silanol 
capping and/or post-porogen removal chamber cleaning procedures. Obviously, in these 
cases, the chamber system will likely be pumped out between each of the process steps. 

EXPERIMENTAL 

The following example provides details illustrating aspects of the present invention. 
20 This example is provided to exemplify and more clearly illustrate these aspects of the 
invention and is in no way intended to be limiting. 

Dielectric precursor film of 1 micron was formed on a substrate by simultaneously 
flowing a DEMS (a structure former) and limonene (a porogen) into a PECVD chamber 
containing the substrate. The substrate was then removed from the chamber and placed in a 
25 microwave oven and exposed to microwave radiation of 2.45 GHz for 10 minutes. The 
microwave exposure was performed at ambient pressure and in an air atmosphere. 
Microwave power was 1000W and the radiation was applied in pulses. Temperature was 
around room temperature. 

Figures 1A-C show FTER spectra of the film pre- and post-microwave curing. 
30 Reference numeral 101 in Figures 1 A and IB shows the CH X peak, which corresponds to the 
amount of porogen present. 94% of the porogen was removed by exposure to the 
microwaves. The degree of porogen removal corresponds to exposure time and power of the 
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radiation; higher power and/or longer exposure time would be expected to result in an even 
higher degree of porogen removal. Porogen removal also has the effect of lowering the k- 
value of the film by increasing porosity. 

Reference numeral 103 in Figures 1A and 1C show the SiCH 3 and SiO peaks. The 
SiCHySiO peak area ratio was reduced from 2.7% to 1.9% by exposure to microwave 
radiation, indicating that the hardness increased. It should be noted than an OH peak was 
observed post-curing due to the fact that the microwave exposure took place in an air 
ambient rather than an oxygen-free ambient. 

While this invention has been described in terms of several embodiments, there are 
alterations, modifications, permutations, and substitute equivalents, which fall within the 
scope of this invention. It should also be noted that there are many alternative ways of 
implementing the methods and apparatuses of the present invention. It is therefore intended 
that the following appended claims be interpreted as including all such alterations, 
modifications, permutations, and substitute equivalents as fall within the true spirit and 
scope of the present invention. The use of the singular in the claims does not mean "only 
one," but rather "one or more," unless otherwise stated in the claims. 
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what is claimed is: 

1. A method of preparing a porous low-k dielectric layer on a substrate, the 
method comprising: 

(a) providing a precursor film on the substrate, the precursor film comprising a 
dielectric material and a porogen; 

(b) exposing the precursor film to microwave radiation to remove the porogen to 
thereby create voids within the dielectric material and form the porous low-k dielectric layer. 

2. The method of claim 1 further comprising: (c) exposing the dielectric material 
to microwave radiation in a manner that increases the mechanical strength of the porous low- 
k dielectric layer. 

3. The method of claim 1 wherein (a) comprises forming a precursor film on the 
substrate, the precursor film comprising the porogen and a structure former. 

4. The method of claim 1 wherein the substrate temperature is below about 
400°C during microwave exposure. 

5. The method of claim 1 wherein the substrate temperature is below about 
300°C during microwave exposure. 

6. The method of claim 1 wherein the substrate temperature is below about 
100°C during microwave exposure. 

7. The method of claim 1 wherein the microwave power ranges between about 
100 Wand 7 kW. 

8. The method of claim 7 wherein the microwave power ranges between about 1 
kW - 3 kW. 

9. The method of claim 1 wherein the microwave frequency is between about 1 
and 4 GHz. 

10. The method of claim 9 wherein the microwave frequency is about 2.45 GHz. 
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1 1 . The method of claim 1 , wherein the substrate is a semiconductor wafer. 

12. The method of claim 1, wherein the precursor film comprises a porogen and a 
silicon-containing structure former. 

13. The method of claim 12 wherein the precursor film is formed by co- 
depositing the porogen with the structure former. 

14. The method of claim 12, wherein the structure former is produced from at 
least one of a silane, an alkylsilane, an alkoxysilane, siloxane, carbon-doped variation 
thereof, or combination thereof. 



15. The method of claim 14, wherein the structure former is produced from 
diethoxymethylsilane (DEMS), octamethylcyclotetrasiloxane (OMCTS), 
tetramethylcyclotetrasiloxane (TMCTS), dimethyldimethoxysilane (DMDMOS), carbon- 
doped oxides or a combination thereof. 

16. The method of claim 1, wherein the porogen comprises a polyfunctional 
cyclic non-aromatic compound. 

17. The method of claim 16, wherein the polyfunctional cyclic non-aromatic 
compound is a limonene compound. 

18. The method of claim 1, wherein (b) comprises exposing the precursor film to 
pulses of microwave radiation. 

19. The method of claim 1, wherein (b) is performed under an ambient 
comprising at least one of argon, nitrogen, helium, hydrogen and a combination thereof. 

20. The method of claim 1, wherein the porous low-k dielectric layer has a k- 
value of about 2.5 or lower. 

21. The method of claim 2, wherein at least part of (b) and (c) occur 
simultaneously. 

NOVLP145/NVLS-3106 18 



22. A method of preparing a porous low-k dielectric layer on a substrate, the 
method comprising: 

(a) providing a porous dielectric layer on the substrate; 
5 (b) exposing the dielectric material to microwave radiation having a frequency 

between about 1 and 4 GHz in a manner that increases the mechanical strength of the porous 
low-k dielectric layer. 



23. The method of claim 22 wherein the microwave frequency is around 2.45 

10 GHz. 

24. The method of claim 22 wherein substrate temperature is below about 300 °C 
during (b). 

15 25. The method of claim 22 wherein (b) lowers the dielectric constant of the 

dielectric layer. 



20 
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METHOD FOR POROGEN REMOVAL AND MECHANICAL STRENGTH 
ENHANCEMENT OF LOW-K CARBON DOPED SILICON OXIDE USING 
LOW THERMAL BUDGET MICROWAVE CURING 



5 ABSTRACT 

Improved methods for preparing a low-k dielectric material on a substrate using 
microwave radiation are provided. The use of microwave radiation allows the preparation of 
low-k films to be accomplished at low temperatures. According to various embodiments, 
microwave radiation is used to remove porogen from a precursor film and/or to increase the 

10 strength of the resulting porous dielectric layer. In a preferred embodiment, methods involve 
(a) forming a precursor film that contains a porogen and a structure former on a substrate, (b) 
exposing the precursor film to microwave radiation to remove the porogen from the 
precursor film to thereby create voids within the dielectric material and form the porous low- 
k dielectric layer and (c) exposing the dielectric material to microwave radiation in a manner 

15 that increases the mechanical strength of the porous low-k dielectric layer. 
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